In Brief
INTRODUCTION
Members of the Set1/MLL (mixed lineage leukemia) family of methyltransferases (KMT2) catalyze the methylation of lysine 4 of histone H3 (H3K4) (Piunti and Shilatifard, 2016; Shilatifard, 2012) . Conserved from yeast to human, the methyltransferase activity of these enzymes is associated with gene regulatory events that play a critical role in hematopoiesis, embryonic stem cell development, and neurogenesis (Barski et al., 2007; Ruthenburg et al., 2007; Shilatifard, 2012; Sze and Shilatifard, 2016) . Misregulation of the Set1/MLL family is highly correlated with diverse pathologies (Ng et al., 2010; Singh et al., 2016; Sze et al., 2017; Wang et al., 2018) , such as pediatric acute lymphocytic leukemia and adult acute myeloid leukemia, where recurrent chromosomal translocation of the MLL1 gene is frequently identified (Andersson et al., 2015; Slany, 2016; Yang and Ernst, 2017) . Humans possess at least six MLL homologs with non-redundant functions (Shilatifard, 2012) . In budding yeast S. cerevisiae, the one and only Set1/COMPASS (complex of proteins associated with Set1) complex is responsible for the mono-, di-, and tri-methylation of H3K4 (Bernstein et al., 2002; Briggs et al., 2001; Krogan et al., 2002; Miller et al., 2001; Nagy et al., 2002) . Akin to its human homolog, the Set1 protein on its own displays weak mono-methyltransferase activity but is positively allosterically regulated upon association with a multi-subunit complex comprised of Cps30, Cps50, Cps60, and Cps25 (Takahashi et al., 2011) . This specific set of core components is shared among species. For instance, the WRAD complex (WDR5/RbBP5/ASH2L/DPY30, corresponding to Cps30/50/60/ 25) is shared in all six MLL methyltransferases in human cells (Couture and Skiniotis, 2013) , and absence of any WRAD protein compromises, to different extents, the function of MLL/ COMPASS-like complexes (Avdic et al., 2011a; Dou et al., 2006; Patel et al., 2009; Steward et al., 2006; Zhang et al., 2012) .
Our earlier EM studies showed the subunit organization and a similar Y-shaped architecture adopted by both core COMPASS and human MLL (Takahashi et al., 2011) but lacked the resolution to reveal structural details. On the other hand, high-resolution structures of MLL's fragment or subunits from us and others have provided crucial insights (Avdic et al., 2011a; Couture et al., 2006; Li et al., 2016; Odho et al., 2010; Zhang et al., 2015) but do not capture the entire spectrum of interactions contributing to the formation of MLL complexes and likely hinder our understanding of hitherto unknown but potentially important regions of partner proteins regulating KMT2 enzymes. Here, we employed single-particle cryo-EM, complemented by X-ray crystallography and functional assays, to obtain a detailed structural model for the yeast S. cerevisiae COMPASS complex including Set1(726-1080 aa), Cps30, Cps50, Cps60, Cps25, and Cps40. The results highlight the essential scaffolding role of Cps50 for COMPASS assembly, the conformationally dynamic character of the complex, and the essential role of Cps30 on inducing higher methylation states of H3K4.
RESULTS

COMPASS Core Architecture
For structural studies, we co-expressed full-length S. cerevisiae Cps60, Cps50, Cps40, Cps30, Cps25, and a truncated active Set1 protein (762-1080 aa, hereafter, SET762) in Spodoptera frugiperda (Sf9) cells, aiming to purify the intact six-subunit catalytic core complex with a total molecular weight of $220 kD ( Figure S1A ). A fine-tuned baculovirus infection and purification strategy enabled us to reconstitute and isolate highly homogeneous preparations of the complex with optimal methyltransferase activity (Thornton et al., 2014) , and we subsequently applied cryo-EM to record a single-particle projection dataset (Figures S1B and S1C). After consecutive rounds of 3D classification, we isolated a particle subset that enabled 3D reconstruction of a global map with overall 4.0-Å resolution and maps of subregions with further improved features after focused refinement ( Figures 1A, S2 , S3, and S4). In addition, a second independent particle subset led to a 4.4-Å map of COMPASS adopting a more compact configuration (Figures 1B and S2) .
To model the structure of the COMPASS subunits in the cryo-EM map, we employed a combination of homology modeling, secondary and tertiary structure prediction, and de novo chain building (STAR Methods). Our modeling was also aided by the structure of the WD40 domain of Cps50 from Myceliophthola thermophila, which we obtained by X-ray crystallography (Figure S3A ). The structural model was first built against the locally refined maps of the top half (SET/Cps30/Cps40/Cps50) and bottom half (SET/Cps60/Cps25) COMPASS subregions that Tables  S1 and S2. yielded higher-quality density features (Figures S3C and S4) and subsequently refined against the overall 4.0-Å resolution map ( Figure S3D ). Any protein regions we could not confidently assign due to their flexible disposition-e.g., the highly mobile N-terminal plant homeodomain (PHD) domain of Cps40 or segments of the Cps60-25 module-were omitted from the final model. The structure, complemented by an array of mutagenesis and functional assays (discussed below), highlights the intricate organization and functional modulation of the six-subunit COMPASS core complex ( Figure 1C) .
Consistent with its localization in our earlier studies, the catalytic SET domain is positioned at the junction of the Y-shaped complex (Figure 1 ) (Takahashi et al., 2011) . The perpendicularly aligned Cps30 and Cps50 b propeller domains form the upper tips of the ''Y,'' wherein Cps30 directly contacts the SET domain. In contrast, Cps50 employs its C-terminal extension, but not the WD40 domain, to interact with the catalytic SET domain. The Cps40 subunit sits atop the Y to staple the two b propeller domains via a pair of intertwined long a helices. On the opposite end of the complex, the SPRY domain of Cps60 directly interacts with the SET domain of Set1, as well as a segment succeeding the Cps50 b propeller domain. The last 20 residues of Cps60 fold into an a helix that crosses orthogonally the two b sheets of its SPRY domain. This a-helical segment is embraced by a bundle of a helices formed by a dimer of Cps25 ( Figure S4 ). In this configuration, Cps60 and Cps25 form the lengthened tandem base of the COMPASS Y-shaped architecture.
The two COMPASS conformers allow for an indirect visualization of the structural dynamics underlying the complex in the absence of nucleosomal substrate. Comparisons of the two models reveal that there are no significant changes in the overall structure of each subunit and its interactions with other subunits (Figures 1B and S2E) . Instead, the two conformers primarily differ in the positioning of two independent mobile components in the complex. One mobile element is the bottom base module (Cps60/Cps25), which maintains a main connection to the Cps50 C-terminal extension and is not stabilized by additional peripheral interactions with other COMPASS subunits; this characteristic allows for its relative variable disposition in respect to the larger upper module (SET/Cps30/Cps40/Cps50), as also evident by the lower resolution of its EM density. The second mobile element is the N-terminal region of Cps40, which is observed to reposition around a hinge region in the protein. As a result of both elements moving inward toward each other, the second COMPASS conformer displays a more compact configuration on one side of the complex. Interestingly, this side forms an arc with dimensions that are compatible with those of a nucleosome. The center of the arc is occupied by the catalytic SET domain, while its periphery presents structural elements that are involved in chromatin binding, such as the PHD domain of Cps40, which is disordered in our maps. PHD domains have been shown to recognize histone tails (Iwase et al., 2007; Lan et al., 2007; Li et al., 2006; Peñ a et al., 2006) . It is thus tempting to speculate that this in-built conformational variability of the Cps60-25 module and the Cps40 N-terminal region may be important for capturing nucleosomes in order to methylate H3K4 ( Figure 1D ).
Cps50
Orchestrates the Assembly of the COMPASS Core The WD40 domain containing Cps50 protein or its mammalian homolog RbBP5 (Figure 2A) is essential for the methyltransferase activity of MLL/COMPASS-like complexes (Avdic et al., 2011a; Cao et al., 2010; Li et al., 2016; Odho et al., 2010; Takahashi et al., 2011) . To start delineating the function of Cps50, we obtained a 1.8-Å resolution crystal structure of the M. thermophila Cps50 protein WD40 domain, which displays a similar structural fold to the canonical WD40 domain (Figure S3A) . The cryo-EM map shows that in addition to this WD40 b propeller domain, Cps50 possesses a C-terminal wirelike density of approximately 80 amino acids (Figures 2B and S4) . This density emanates from the Cps50 WD40 domain and knits along the Cps30 WD40 domain, the catalytic SET domain, and the Cps60 SPRY domain and curls back toward the bottom cavity of Cps30 to finally exit through a slit between the two WD40 domains. The U-shaped wire establishes extensive contacts with most COMPASS subunits, including Cps50 itself (Figures 2 and 3) . Although intensive attempts to recombinantly express individual S. cerevisiae proteins for in vitro assays were not successful, the homologous M. thermophila Cps50 binds to and co-elutes with Chaetomium thermophilum Cps30, Cps40, or Cps60 ( Figure S5 ), further suggesting the high conservation of these COMPASS core interactions among eukaryotes. The short Cps50 N terminus is entrapped by Cps30 and the Cps50 WD40 domain, as well as the stretched linker region succeeding the Cps50 WD40 domain ( Figure 3B ). Of note, despite a relatively low sequence similarity, the amino acid length of this stretched linker is invariable among homologous Cps50/ RbBP5 proteins ( Figure S6 ). Three following adjacent short motifs on the C-terminal region of RbBP5 (Cps50 homolog) were found critical for MLL/COMPASS-like methyltransferase activity (Avdic et al., 2011a; Li et al., 2016; Zhang et al., 2015) . The first functional motif (330-344 aa) is referred to as the activation segment. In the COMPASS structure, the corresponding Cps50 amino acid sequence (348-366 aa) fits well into an EM density that runs across the SET domain in an ''S'' fashion (Figures 2B and S4) . Several residues at the beginning of the activation segment fold into a sharp U-turn and are tightly sandwiched between Cps30 and the SET domain ( Figure 2C ). More specifically, the activation segment is stabilized by surface residues located in the b17 strand of Cps30 and the SET-N, as well as SET-C, regions of the Set1 catalytic domain. Alanine substitution of the highly conserved ''WASL'' residues in Cps50 ( Figure S6A ) substantially lowers H3K4me3 levels in yeast, while H3K4me1 and H3K4me2 are marginally affected ( Figure 2E ).
Beyond the activation segment, the coiled portion (367-376 aa) of Cps50/RbBP5 buttresses the interaction between Cps60 and the SET-I motif of the SET domain ( Figure 2D ). Mutation of residues on either Cps50 (residues 370-372; Figure 2E ) or Cps60 (Arg183; Figure 2F ) dramatically reduces COMPASS capacity to di-and tri-methylate H3K4 in vivo. Notably, swapping residue charges between Cps50 and Cps60 at this interface could restore the activities ( Figure S6B ). These observations further suggest the importance of this interaction surface and are consistent with our previous mutational analysis showing that a basic residue on ASH2L, which is encaged by several acidic residues of RbBP5, is important for the interaction of ASH2L with RbBP5 and subsequent stimulation of MLL methyltransferase activity (Zhang et al., 2015) . Moreover, alanine substitution of the two adjacent acidic residues on Cps50 (D375A/ E376A), which contacts the SET-I helix ( Figure 2D ), severely impairs H3K4 methylation in yeast cells ( Figure 2E ).
The Cps50 C-terminal tail further climbs onto Cps30 through the groove formed by the fifth and sixth b strands and brings the two WD40 domains into close proximity ( Figure 3C ). Intriguingly, mutation of Cps50 residues contacting Cps30 did not alter COMPASS activity in vivo ( Figure 2E ), suggesting that the integrity of COMPASS complex is well preserved by the extensive interaction network mediated by Cps50. The identified regions on Cps50 are conserved among its homologous proteins across different species, including human RbBP5 ( Figure S6A ). We thus propose that Cps50 protein serves as an assembly and regulatory hub for COMPASS complex formation, a role which is likely applicable to the homologous RbBP5 proteins in other MLL/ COMPASS-like methyltransferases.
Set1 Is Highly Coordinated in COMPASS Core Complex
The Set1 protein and its MLL homologs display low basal monomethyltransferase activity on their own. The enzyme gains optimal (mono-, di-, and tri-) methyltransferase activity when incorporated into the common set of partner proteins (Li et al., 2016; Takahashi et al., 2011; Wysocka et al., 2005) . The Set1 construct used in this study (SET762), which covers the C-terminal catalytic SET domain, is fully active both in vivo and in vitro when reconstituted with its core subunits (Takahashi et al., 2011) (Figures 4 and 5) . The cryo-EM map reveals a distinct density element corresponding to the n-SET region preceding the catalytic SET domain, which attaches to the Cps30 b propeller domain and climbs along its ridge all the way up to interact with Cps40 ( Figure 4A ). By combining bioinformatics analysis, the crystal structures of WDR5/MLLs complexes (Avdic et al., 2011b; Patel et al., 2008; Song and Kingston, 2008) , and our mutagenesis functional analysis, we modeled the segment corresponding to residues 799-850 of the n-SET into the corresponding EM density. This region folds into a helix and a sharply curved loop ( Figures 4B and 5A ). Akin to a region known to interact with WDR5-the Cps30 homolog, which is referred to as WDR5 interacting motif (Win-motif)-this curved loop broadly attaches to Cps30 surface formed by residues located in blades B2, B3, and B4. Strikingly, the conserved basic residue K836 of the Win-motif (833-838 aa) is inserted into the Cps30 cavity in a similar way as the arginine residue of MLLs Win-motif peptide interacting with the WDR5 protein ( Figure 3B ).
The N-terminal half of the n-SET helix is held by a bundle of four short stacked helices followed by long intertwined helices, creating a ''halberd'' shape in Cps40 ( Figures 4B and 5A ). Truncation of this n-SET region reduces Set1 protein levels and diminishes global H3K4 methylation in yeast ( Figure 5B ). Analogously, knockout of Cps40 also substantially reduces Set1 protein levels and the methyltransferase activity in vivo (Dehé et al., 2006; Kim et al., 2013; Thornton et al., 2014) (Figure 5E ). Cps40 also forms an extensive interface with the Cps50 WD40 domain ( Figure 5C ). Mutations of residues in these interfaces impair the interaction of Cps50 with Cps40 ( Figure 5D ). Similarly, internal deletion of the hinge region connecting the two Cps40 long a helices decreases H3K4 tri-methylation by COMPASS in yeast cells ( Figure 5E ). These structural results provide the molecular basis for our previous observation that Cps40 is important for COMPASS integrity and function (Thornton et al., 2014) .
The Win-motif that interacts with Cps30/WDR5 is conserved among Set1/ MLL proteins. Similar to Cps40, knocking out Cps30 in yeast cells drastically decreases Set1 protein levels and H3K4 methylation. Surprisingly, mutations on either the Win-motif of Set1 ( Figure 4D ) or the corresponding interaction residues of Cps30 ( Figure 6 ) do not appear to alter H3K4 methylation levels. We previously showed that a minimal Set1 construct, which only contains the C-terminal catalytic SET domain (938-1080 aa, SET938), maintained full capacity to methylate H3K4 (mono-, di-, and tri-) when reconstituted with Cps25/Cps30/Cps50/ Cps60 in vitro (Takahashi et al., 2011) . Moreover, a recent study also showed that the catalytic domain of all MLL homologs reconstituted with recombinant ASH2L/RbBP5/WDR5 could achieve methyltransferase activity in vitro (Li et al., 2016) . Given that the truncation of n-SET region decreased the SET protein levels in yeast, these observations suggest that the n-SET region has a role in Set1 protein stability and activity in vivo, possibly through the interface with Cps40 and Cps30.
The C-terminal catalytic SET domain adopts the canonical topology that includes the SET-N, SET-I, SET-C, and post-SET elements, similar to its homologous MLL's SET domains. An extensive network of interactions is established among Cps30, Cps50, Cps60, and the SET domain ( Figure 4C ). Cps60 utilizes a concave surface located on the SPRY domain, which comprises two anti-parallel b sheets, to hold the bottom of the SET-I helix and the coiled region of Cps50. It has been hypothesized that an activated SET domain exhibits a smaller catalytic pocket than its inactive state, presumably due to the restraint upon the highly mobile SET-I motif. The comprehensive mutagenesis analysis of this interface indeed suggests that Cps50/Cps60 immobilize the SET-I motif by anchoring the catalytic domain at the base of the Y-shaped architecture ( Figure S6B) . Notably, the cryo-EM map shows a stable density connecting the apical end of this SET-I helix to Cps30, implying that the Cps30 b propeller may play an additional role on the methyltransferase activity of KMT2 enzymes ( Figure 6A ).
Cps30
Establishes the Tri-methylation Activity of COMPASS Cps30 is critical for the integrity and function of COMPASS in yeast cells ( Figure 6B) . Similarly, loss of WDR5 affects global H3K4 methylation levels in human cells (Wysocka et al., 2005) . Besides the interface between the Win-motif of Set1 and Cps30, the COMPASS structure reveals an intersection between the SET-I motif and a loop connecting b strands 17 and 18 of Cps30 b propeller ( Figures 6A and S7A) , a region we refer to as SIM (SET-I interacting motif). Despite variable lengths among Cps30/WDR5 proteins, the SIM region possesses several conserved negatively charged residues ( Figure S7B ), which are in close proximity to the SET-I motif and Set1 Win-motif ( Figure 6A ). Substitution of SIM-region conserved acidic residues (D180/D182/ E186) with basic amino acids results in nearly 50% loss of H3K4me3 level in vivo compared to wild-type COMPASS complex. Of interest, exchanging the Cps30 SIM region with the corresponding fragment of wild-type mammalian WDR5 fully recapitulates COMPASS activity (lane 7 in Figure 6B ). Replacement of this region by alanine residues eliminates H3K4me3, while mono-and di-methylation levels are less affected (lane 8 in Figure 6B ).
To further validate the role of the Cps30 SIM region, we generated a chimeric Set1 protein by swapping a 10-residue S. cerevisiae SET-I loop region (983-992 aa), which contacts Cps30, with the corresponding segment (residues 2336-2344) of Drosophila trithorax-related protein (dTrr). dTrr is one of three Set1 homologs identified in D. melanogaster, where it functions as a major H3K4 monomethyltransferase on enhancers (Herz et al., 2012) . The chimeric Set1 protein lost most of its H3K4 tri-methyltransferase activity in yeast ( Figure 6C ). Given that the Cps30-like WDR5 protein is shared by all three Set1/dTrx/dTrr COMPASS-like complexes in Drosophila, we propose that their differences in methylation activity may be conferred by the WDR5 SIM motif recognizing subtle differences in the SET-I motifs of the three Set1, dTrx, and dTrr proteins. Comparison of the COMPASS SET domain with MLL1 and MLL3 SET domains co-crystallized with fragments of ASH2L and RbBP5 shows that the peptide-binding cleft and the methyltransferase pore are of similar sizes, suggesting that Cps30 does not lead to significant structural rearrangements in the catalytic domain. However, the same analysis revealed that the relative orientation of Cps50/RbBP5 and Cps60/ASH2L to the SET domain varies among the three complexes ( Figures S7C and S7D ), indicating that Cps30 may also serve as the anchor point to properly tether and space the other subunits.
DISCUSSION
A key step in the regulation of gene expression is the methylation on H3K4, which is added by the multi-component MLL/ COMPASS-like histone methyltransferases. Many studies have shown the requirement of shared core subunits for optimal methylation activity of catalytic SET protein. Here, we present a 4-Å resolution structure of the yeast COMPASS catalytic core complex. Together with systematic biochemical analyses in vitro and yeast genetics in vivo, the structure provides molecular insights into the assembly and function of COMPASS and COMPASS-like complexes.
Cps50 provides the molecular scaffold for assembling the COMPASS complex. Earlier studies showed the importance of few short motifs at the Cps50/RbBP5 C-terminal unstructured re- gion for methylation (Avdic et al., 2011a; Li et al., 2016; Zhang et al., 2015) . In COMPASS, the winding Cps50 C-terminal tail positions nearly all the core subunits in contact with the catalytic SET domain. Abrogating the interaction between the tail and its partners affected the activity of COMPASS to different extents. Here, we also solved the crystal structure of Cps50 N-terminal WD40 domain, which shares the conserved seven b strand blades with Cps30 and other WD40 domain proteins. The Cps50 WD40 domain sandwiches its C-terminal end together with the Cps30 WD40 domain, potentially to orient the Cps30 protein in a strict geometry related to the catalytic SET protein. Moreover, the extensive contact between Cps50 WD40 domain and Cps40 likely anchors this helical protein for its function. The COMPASS structure reveals that Cps40 is a primarily a-helical protein, in agreement with secondary structure predictions. In addition, a chromatin-binding PHD domain is predicted to be located at its N terminus. Even though we could not model this region due to its flexibility, truncation of this N-terminal PHD domain affected the methylation activity of COMPASS in yeast ( Figure 5E ), which may reflect a reduced affinity with chromatin. Earlier studies have shown that the PHD domains can recognize methylated histone lysine residue-H3K4me3 (Li et al., 2006; Peñ a et al., 2006) and H3K9me3 (Iwase et al., 2007 )-or unmethylated H3K4 . We note that the spacing between the Cps40 N-terminal region (PHD domain and helical-stack domain connected by a hinge to the two long helical rods) and Cps60/Cps25 base is about 10-nm wide, which is compatible with the dimensions of a nucleosome ( Figure S7E ). The difference in the two COMPASS complex conformations we observed mainly resides in the disposition of the Cps40 N-terminal half, including PHD domain and the Cps60/Cps25 base. It is plausible that such movement between Cps40 PHD domain and the Cps60/Cps25 module enables the complex to ''flex'' and adapt to the nucleosomal substrate where H3K4 is located ( Figure S7E) , although detailed COMPASS studies in complex with the nucleosome are required to delineate these events.
The high sequence identity of the residues forming the methyltransferase pore of KMT2 enzymes combined with their divergent ability to either mono-(MLL3/MLL4), di-(MLL1/MLL2), or tri-methylate (SET1A/SET1B) H3K4 (also referred to as product specificity) have for many years remained paradoxical. A prevailing model is that the SET domain alone would experience a constant fluctuation between an open inactive state and a closed active state. With Cps50(RbBP5) and Cps60(ASH2L) to immobilize the bottom part of mobile SET-I region, the SET domain could adopt a closed conformation and achieve mono-and dimethylation activity. The presence of Cps30/WDR5 is critical for the tri-methylation activity of COMPASS/MLL complexes. Our COMPASS structural model reveals that Cps30 directly contacts the catalytic SET domain, which may provide further stabilization for the closed active state of SET domain. Interestingly, based on our structural and functional results, the interface between the Cps30 SIM region and SET-I motif plays a crucial role in the regulation of tri-methylation. Mutation of the conserved acidic residues (D180/D182/E186) of the Cps30/ WDR5 SIM region specifically reduced the tri-methylation level of H3K4. Given that one WDR5 protein is shared by all MLL complexes, it will be important to investigate the determinants of product specificity on other SET/MLL complexes. Overall, our observations that the Cps30 SIM region modulates the product specificity of KMT2 enzymes support a model wherein the interplay between the Cps30/WDR5 SIM region and the surface of the catalytic domain dictates the product specificity of KMT2 enzymes and thus epigenetic signaling.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
For recombinant protein expression, we used Spodoptera frugiperda (Sf9) cells at 27 C and E. coli strain Rosetta (DE3) pLysS at 18 C, respectively. For yeast culture, all knock-out strains were haploid cells and purchased from the Yeast Knock-Out (YKO) collection (Dharmacon) except set1D and cps50D in the charge-swapping experiment, which were generated with a PCR-mediated gene disruption technique with HIS3 and LEU2 as selection marker, respectively. More details are described in the Method Details section.
METHOD DETAILS
Expression, and purification of COMPASS Saccharomyces cerevisiae Set1 starting at Met762 to the C-terminal end (SET762), and full-length Cps60, Cps50, Cps40, Cps30, and Cps25, the components of the extended core COMPASS, were cloned into pBacPAK8 vector with FLAG or His6-FLAG tag on the N terminus. Each baculovirus was individually prepared and amplified by using BacPAK baculovirus expression system (Clontech), and mixed in a predetermined ratio to achieve stoichiometric expression in cells. Sf9 insect cells were co-transfected at 27
C for 72-96 h before collection, and lysed in 10 mM Tris-HCl pH 8.0, 1.5 mM MgCl2, 10 mM KCl, supplemented with protease inhibitor cocktail (P8340, Sigma-Aldrich). The supernatant was cleared with centrifugation, supplemented with NaCl to be 500 mM, mixed with anti-FLAG M2 affinity agarose gel (Sigma-Aldrich), and gently stirred for 2 h at 4 C. COMPASS-bound M2 resin was collected with centrifugation, washed with FLAG buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 mM Zn(OAc) 2 10% glycerol), and loaded into a column. COMPASS was eluted with FLAG buffer supplemented with 0.4 mg/ml 3x FLAG peptide (ApexBio), concentrated with Amicon Ultra Centrifugal Filters (EMD Millipore), and loaded onto Superose 6 Increase 10/300 GL column pre-equilibrated with 50 mM Tris-HCl pH 8.0, 50 mM NaCl, 0.5 mM TCEP with Ä KTA pure chromatography system (GE Healthcare).
Protein interaction assays
Complementary DNA corresponding to COMPASS subunits of thermophilic filamentous fungus Chaetomium thermophilum (Ct) for CtCps60, CtCps40, and CtCps30, and Myceliophthola thermophila (Mt) for MtCps50 were cloned into pET28a or pGEX4T3 vectors. Truncations and mutants of each thermophilic COMPASS subunit were generated using a site-directed mutagenesis kit (stratagene). Wild-type and mutant proteins were overexpressed as TEV cleavable His or GST tagged proteins in the E. coli strain Rosetta (DE3) pLysS using 0.2mM IPTG during 17h at 18 C. Cells were harvested in 50mM sodium phosphate, 500mM NaCl and 5mM b-mercaptoethanol, 10% glycerol, 1% Triton X-100, lysed by sonication and clarified by centrifugation. His-tagged proteins were purified by Talon Co 2+ affinity chromatography and following TEV cleavage, the proteins were further separated by size exclusion chromatography (Superdex 200). For size exclusion chromatography analysis, purified proteins were mixed at a 1:1.5 mole ratio of Cps50:Cps30, Cps40:Cps50 or Cps60:Cps50 the binding buffer (BB) composed of 50mM Tris pH8.0, 200mM NaCl, 5mM BME and 2% Glycerol for 2h at 4 C. Complexes were separated by size exclusion chromatography using a Superdex 200 pre-equilibrated in the BB. For GST pull-down assays, cell lysates containing 2mg of GST or GST-tagged proteins were applied onto glutathione-Sepharose beads during 1 hour and washed extensively using the BB supplemented with 0.05% Triton X-100. These beads were then further incubated with 10mg of another COMPASS subunit in 1ml of BB-T buffer during 2h at 4 C. Beads were collected by centrifugation (1000 rpm, 1min), and washed extensively with BB-T buffer, and subjected to elution using BB supplemented with 10mM reduced glutathione. The input and eluted samples were separated using SDS-PAGE and Coomassie staining.
Yeast strains
Yeast culture was performed using standard methods. All yeast stains used in this work were haploid cells. All knock-out strains were from the Yeast Knock-Out (YKO) collection (Dharmacon) except set1D and cps50D in the charge-swapping experiment, which were generated with a PCR-mediated gene disruption technique with HIS3 and LEU2 as selection marker, respectively. All truncation and point mutations of COMPASS subunits were generated with site-directed mutagenesis after cloning into pFA6a-kanMX6 (Set1, and Cps50 in the charge-swapping experiments) or pRS306 (Cps60, Cps50, and Cps30) vectors. Cps60, Cps50, and Cps30 were C-terminally FLAG-tagged. ADH1 terminator sequence was introduced after the stop codon of each cloned COMPASS subunit gene. Engineered COMPASS subunit genes were introduced into their original loci through homologous recombination with standard yeast transformation technique and G418 or uracil selection. The introduced gene sequences in the genome were verified with Sanger sequencing.
Western blotting analysis
Over-night grown yeast cultures were harvested, washed, suspended in nuclear isolation buffer (250 mM sucrose, 60 mM KCl, 12.5 mM NaCl, 5 mM MgCl2, 1mM CaCl2, 0.8% Triton X-100, supplemented with protease inhibitor cocktail (P8215, Sigma-Aldrich)), and lysed with glass-beads by using Mini-BeadBeater-1 (BioSpec) or multi-tube vortex mixer. Crude nuclei pellets were collected with centrifugation, mixed with SDS-Laemmli sample buffer, boiled, resolved by SDS-PAGE, transferred to nitrocellulose membrane, and probed with home-made anti-H3, anti-H3K4me1, anti-H3K4me2, anti-H3K4me3, and anti-Set1 antibodies.
Crystallization and Structure Determination
The WD repeat domain of Cps50 (mtCps50 ) was overexpressed in E.coli Rosetta cells (Novagen) as a TEV cleavable fusion protein with a hexa-histidine tag, induced by 0.2mM IPTG for 17 hours at 18 C. Cells were pooled and resuspended in 50mM sodium phosphate, 500mM NaCl, 5mM b-mercaptoethanol, 10% glycerol, 1% Triton X-100, lysed by sonication and clarified by centrifugation. Proteins were then purified by Talon Co 2+ affinity chromatography and cleaved subsequently by TEV. Following gel filtration on Superdex 200 pre-equilibrated with a buffer composed of 50mM Tris pH8.0, 200mM NaCl, 5mM b-mercaptoethanol and 2% glycerol, the protein was concentrated and mixed with a mother liquor solution composed of 200 mM sodium citrate, 22% (w/v) polyethylene glycol 3350. Cps50 crystals were harvested, transferred into fomblin and flash-frozen in liquid nitrogen. A full dataset was collected at the 17-ID beamline at the Argonne National Laboratory's Advanced Photon Source and indexed using HKL-2000 (HKL Research) (Otwinowski and Minor, 1997) . A search model generated by I-TASSER (Roy et al., 2010) was used to solve the structure of Cps50 by molecular replacement. Using PHASER, four molecules were placed in the asymmetric unit. Following several rounds of model building and refinement using Coot (Emsley et al., 2010) and PHENIX (Adams et al., 2010) . The quality of the model was evaluated using Molprobity ). Final refinement statistics are provided in Table S1 .
Cryo-EM data collection 3 mL protein aliquotes with a concentration of $1.5mg/ml supplemented with 0.05% Octyl b-D-glucopyranoside were applied onto glow-discharged Lacey carbon grids, blotted with Vitrobot Mark IV (FEI Company) and flash frozen in liquid ethane. The grids were imaged at liquid nitrogen temperature on a FEI Titan Krios electron microscope operating at 300 kV. Cryo-EM images were recorded with a Gatan K2 Summit direct electron detector at a nominal magnification of 29,000X in counted mode, corresponding to a pixel size of 1.0 Å /pixel. A dose rate of $9.0 electrons/Å 2 /s and defocus values ranging within À1.5$-3.5 mm were used. Total exposure of 10 s per image were dose-fractionated into 50 movie frames, resulting in an accumulated dose of $90 electrons per Å 2 .
Cryo-EM image processing Micrograph movie stacks were first subjected to MotionCorr2 (Zheng et al., 2017) for whole-frame and local drift correction, with subsequent dose filtering applied to the integrated images. Visual inspection was conducted to discard micrographs with large carbon area, obvious ice contamination and visible astigmatism, resulting in a working dataset of 8298 cryo-EM images. CTFFIND4 (Rohou and Grigorieff, 2015) was used for contrast transfer function (CTF) parameter determination on binned 2X2 images. About 10,000 particles interactively picked with EMAN2 (Tang et al., 2007) were subjected to ISAC (Yang et al., 2012) for reference-free 2D classification, and averages were employed to reconstruct an ab initio 3D model by VIPER (Penczek et al., 1994) . Automatic particle picking, 2D classification and 3D classification were conducted in RELION1.4 (Scheres, 2012) . A total of $1.5 million particles selected through 2D classification were subjected to a first round of 3D classification into eight classes ( Figure S2A ). Particles from classes with well-defined structural features from the first 3D classification of the two subsets were combined (731,504 particles) and submitted to a second round 3D classification producing eight classes. A partition of 163,539 particles combined from two classes were refined to 4.0-Å using cisTEM (Grant et al., 2018) . The angular distribution of this projections contributing to this reconstruction shown in Figure S2B . Another partition with 92,070 particles with a more compact conformation was refined to 4.4-Å resolution. Resolution estimations was obtained in cisTEM with gold standard Fourier shell correlation using the 0.143 cut-off criterion ( Figure S2C ) and local resolution of 4.0-Å map is estimated by Bsoft ( Figure S2D ). The two conformers and models were aligned in Chimera ( Figures  1B and S2E ).
Model building and refinement The two clearly resolved doughnut-like density modules leaning almost perpendicularly against each other represent the classical seven-blade WD40 domains from Cps30 and Cps50, which have $30% sequence similarity. To correctly assign the WD40 domains, which would serve as a starting point to build the complete model, we considered the following: First, we observed a long winding density element extending from one of the doughnut lobes of the EM map, suggesting that it corresponds to the unstructured $80 amino acid C terminus of Cps50, whereas the entire Cps30 sequence folds into one single WD40 propeller domain. Second, this welldefined density could perfectly accommodate the reported structural fragments of RbBP5, the human homolog of yeast Cps50. Homology models generated by MODELER (Eswar et al., 2007) for Cps30 and Cps50 WD40 domains derived from WDR5 (PDB 2H14) and our mtCps50 WD40 domain crystal structure were fit into the EM density. To complete the Cps50 C-terminal tail modeling, two fragments (352-376 and 386-391aa) sharing high similarity with homologous RbBP5 in structures of MLL3-RbBP5-ASH2L (PDB ID: 5F6K) and WDR5-MLL1-RbBP5 (PDB ID: 3P4F) were fit with very good agreement into the EM density, which anchored the tracing of the remainder main chain. Models for Set1 SET domain, Cps60 SPRY domain and its C-terminal helix in complex with Cps25 C-terminal aÀhelical domain were also generated by MODELER, using crystal structures MLL3-RbBP5-ASH2L (PDB ID: 5F6K), ASH2L-RbBP5 (PDB ID: 4X8P) and ASH2L-DPY30 (PDB ID: 4RIQ) as templates, respectively. For the n-SET region modeling, the secondary structure prediction analysis suggested a aÀhelix which matches the EM density. The subsequent Win-motif was built into well-resolved EM density guided from the WDR5-MLL1-RbBP5 complex structure (PDB ID: 3P4F). A rod-like density on top of the two WD40 domains ridges corresponds to the Cps40 protein (Thornton et al., 2014) . We built a model for scCps40 by combining secondary structure prediction in Psipred (Buchan et al., 2013) , 3D de novo model building in Robetta (Kim et al., 2004) and I-TASSER (Roy et al., 2010) , and biochemical mutagenesis assays ( Figure 5 ). Given high flexibility, or local resolution not sufficient for de novo modeling, some regions of the subunits were not built in the final model: Cps40 residues 1-116 which containing a PHD domain; Cps60 regions 1-86, 115-141, 243-351, 372-432aa ; Cps25 1-124aa; and Set1 segments 762-798 and 851-924aa. All models were docked into the cryo-EM density in Chimera (Pettersen et al., 2004) , and iteratively adjusted manually using Coot (Emsley et al., 2010) . The models were subjected to global refinement and minimization in real space, by using the module phenix.real_space_refine from PHENIX (Adams et al., 2010) package with secondary restraints. The quality of the model was evaluated using Molprobity . The final refinement statistics are provided in Table S2 . For model deposition, the side chains were stubbed in areas of low resolution unless supported by crystal structures.
QUANTIFICATION AND STATISTICAL ANALYSIS
No statistical methods were used to predetermine sample size. The experiments were not randomized and the investigators were not blinded to allocation during experiments and outcome assessment.
DATA AND SOFTWARE AVAILABILITY
The cryo-EM density map has been deposited in the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/): EMDB: EMD-7303 and the coordinate for COMPASS has been deposited in the Protein Data Bank (https://www.rcsb.org/) PDB: 6BX3. The crystal structure of Myceliophthola thermophila Cps50 WD40 domain has been deposited in PDB: 6E29.
